We use a family of embedded atom model potentials all based on accurate quantum-mechanical calculations to study the relation between Peierls stress and core properties of the 1/2a͗111͘ screw dislocation in bcc tantalum ͑Ta͒. We find that the Peierls stress ( P ) is a function of the core-polarization curvature ͑⌸͒ near the equilibrium core configuration. Our results suggest that the computationally available quantity ⌸ is a useful criterion for designing high-performance materials. DOI: 10.1103/PhysRevB.67.140101 PACS number͑s͒: 62.20.Fe, 61.72.Lk Determining the fundamental atomistic mechanisms that underlie plastic deformations of macroscopic materials is a key, enabling step toward designing materials with improved and tailored properties. This is particularly important for bcc metals, which are the basis of some of the highestperforming alloys, but whose behavior is more complex than fcc and hcp materials.
Determining the fundamental atomistic mechanisms that underlie plastic deformations of macroscopic materials is a key, enabling step toward designing materials with improved and tailored properties. This is particularly important for bcc metals, which are the basis of some of the highestperforming alloys, but whose behavior is more complex than fcc and hcp materials. 1 Computer simulations could be used to investigate the individual and collective dislocation motions in these materials and guide the development of highperformance materials. 2 At low temperatures, plasticity in bcc metals is governed by low mobility screw dislocations with Burgers vector b ϭ1/2a͗111͘. It is generally believed that the core structure of these dislocations is a controlling factor of their mobility. 3 Theoretical studies on these dislocations have led to two types of core structures: asymmetric [3] [4] [5] core and symmetric core. [5] [6] [7] [8] In differential displacement ͑DD͒ maps, 3 the asymmetric core ͓Fig. 1͑a͔͒ spreads in three ͗112͘ directions on ͕110͖ planes, while the symmetric core ͓Fig. 1͑b͔͒ is compact. The main differences between these two types of cores are the relative displacements in the ͗111͘ direction of the two sets of three atoms in the core ͓atoms ͕A, C, E͖ and ͕B, D, F͖ in Fig. 1͑c͔͒ . The ''polarization'' 9 of the dislocation core can be used to distinguish different core configurations and is defined by Eq. ͑1͒,
where, d XY ͑X, Y ϭA, B, C, D, E, or F͒ is the relative displacement between two neighboring atoms in the two columns denoted as X and Y in Fig. 1͑c͒ , and b is the magnitude of the dislocation Burgers vector. Thus a symmetric core leads to pϭ0, while pϭ1 corresponds to a fully asymmetric core. The Peierls stress is the minimal shear stress required to move a dislocation in an otherwise perfect crystal. In bcc metals, the Peierls stress depends strongly on the orientation of the shearing. 3, 5 In this paper, we study in detail the twinning (ϭϪ30°) and antitwinning (ϭ30°) shearing on ͑112͒ planes, where is the angle between the plane with the maximum shear stress and the neighboring ͑110͒ plane. Two recent atomistic calculations 8, 10 of the Peierls stress for Ta show good agreement when the applied stress is in the twinning direction: ab initio density-functional theory ͑DFT͒ calculations lead to 675 MPa and calculations using the model generalized pseudopotential theory ͑MGPT͒ potential lead to 600 MPa. However, for the antitwinning direction the calculated Peierls stresses differ by a factor of 2.6 ͓3.60 GPa from ab initio calculations and 1.40 GPa using the MGPT force field ͑FF͔͒. This large difference is obtained although both calculations lead to symmetric dislocation cores with zero or very small (pϭ0.004 in Ref. 8͒ polarization. It implies that the equilibrium dislocation core structure by itself does not simply determine the Peierls stress. This motivated our systematic examination of the relation between dislocation core properties and Peierls stress.
To explore the relationship between dislocation core properties and Peierls stress, we developed a family of firstprinciples-based embedded atom model ͑EAM͒ force fields denoted as qEAMi (iϭ1 -4) for Ta, each of which closely matches a number of properties from the quantummechanical ͑QM͒ ͑generalized gradient approximation DFT͒ calculations ͑see details in Ref. 11͒. Table I shows that the four qEAM FF's lead to the similar lattice parameters and elastic constants for bcc Ta at 0 K. Moreover, all four qEAM FF's predict similar ␥ surfaces ͑the energy profile for a generalized stacking fault between two semi-infinite half crystals first displaced relative to each other by a vector on a crystallographic plane then relaxed only in the direction perpendicular to the plane͒. This is shown in Fig. 2 for the ͗111͘ direction in the ͕112͖ plane, which qualitatively reveals the twinning and the antitwinning asymmetry. Our qEAM FF results agree well with the ab initio and MGPT data. 8 However, the MGPT FF ͑Ref. 8͒ and all qEAM FF's lead to an asymmetry in the ␥ surface much smaller than that of the ab initio calculation.
The main difference among the qEAM FF's is in polarization of the screw dislocation core. We deliberately constrained the qEAM FF's to provide a range of different dislocation core-polarization behaviors: ͑i͒ qEAM1 leads to an asymmetric core, with the DD map in Fig. 1͑a͒ and the relaxation map in Fig. 1͑c͒ . The equilibrium dislocation core has a polarization of 0.81. ͑ii͒ qEAM2 is adjusted to have a dislocation core energy nearly independent of polarization. ͑iii͒ qEAM3 is adjusted to predict a symmetric dislocation core but with the core-polarization curvature ͑second derivative of core energy with respect to polarization͒ around the equilibrium core configuration similar to the qEAM1. ͑iv͒ ©2003 The American Physical SocietyqEAM4 leads to a symmetric core with an energy dependence on polarization very similar to that from our ab initio calculation. Figure 3 shows the relative energy ͑the energy difference between the polarized cores and the zero-polarization symmetric core͒ as a function of polarization for the various qEAM FF's. In order to obtain the energies for the nonequilibrium core configurations, we fixed the positions of the six atoms ͓atoms A-F in Fig. 1͑c͔͒ in the dislocation direction and optimized the energy for the model system. In all calculations, we used a periodic simulation cell with parameters of Xϭ3a͓112͔, Yϭ5a͓110͔, and Zϭ1/2a͓111͔ ͑90 atoms per cell͒ and the dislocation quadrupole arrangement.
To obtain the QM results in Fig. 3 ͑open circles͒, we evaluated the energies using density-functional theory ͑DFT͒ with the local-density approximation 13, 14 ͑LDA͒ for the relaxed atomic configurations obtained with qEAM1. We used the Hamann-type generalized norm-conserving pseudopotential for Ta with the nonlinear core correction. 15, 16 We used eight k points in the direction of the dislocation line and one k point in the normal directions. These QM calculations pre-FIG. 1. The DD maps for ͑a͒ the asymmetric core ͑from qEAM1) and ͑b͒ the symmetric core ͑from qEAM4) of screw dislocations in bcc Ta. In DD maps, the atoms ͑circles͒ are projected on a ͑111͒ plane; the arrows indicate the relative displacements of neighboring atoms in the ͓111͔ direction with respect to their positions in the perfect bcc crystal. When an arrow spans the full distance between two atoms, the relative displacement is b/3. For clarity, the relative displacements less than b/12 are not shown in the above two figures. ͑c͒ The relaxation map for the same asymmetric core as in ͑a͒. In the figure, the arrows indicate that after relaxation from continuum elasticity theory predictions the three central columns ͑columns B, D, and F͒ of atoms translate simultaneously by 0.267 Å in the ͓1 1 1͔ direction while atoms in columns A, C, and E translate by 0.123 Å in the ͓111͔ direction. The relaxations of other atoms are less than 0.05 Å and are not shown. RAPID COMMUNICATIONS dict the symmetric core with the lowest energy, consistent with the previous ab initio results from direct minimization.
6,7 Although we did not optimize the atomic configurations in the QM calculations, the small change in relative energies ͑comparing solid and dashed lines in Fig. 3͒ indicates that a full optimization would not change the conclusions.
We calculated the core energy of 1/2a͗111͘ screw dislocations using these qEAM FF's and the same procedure described in Ref. 17 . In these calculations, we used quadrupole arrays of dislocations with system sizes ranging from 1890 to 5670 atoms and optimized all atomic coordinates using the various qEAM FF's. It should be mentioned that it is possible to reduce the computational effort here by using a special shape of the supercell proposed in Ref. 18 containing only half the simulation volume. Since the computational costs with our force fields are not significant, we chose to use the simple orthorhombic quadruple cells. Table II shows the calculated screw dislocation core energies using core radii of r c ϭ2b and r c ϭ1.75b. All four qEAM FF's lead to larger values than the ab initio calculation 6 (E c ϭ0.86 eV/b for r c ϭ2b) and the MGPT FF calculation 8 (E c ϭ0.60 eV/b for r c ϭ1.75b), but the core energies for the symmetric core systems (qEAM2, qEAM3, and qEAM4) are very close to each other and averaged to 1.154 (r c ϭ2b) and 1.061 eV/b (r c ϭ1.75b). The asymmetric core (qEAM1) only leads to slightly higher energy, 1.297 (r c ϭ2b) and 1.190 eV/b (r c ϭ1.75b).
We determined the Peierls stresses p twin ͑twinning͒ and p anti ͑antitwinning͒ by applying pure shear stress on simulation cells containing a ͓110͔ screw dislocation dipole ͑two dislocations with opposite Burgers vectors aligned in the ͓110͔ direction͒. To obtain the initial zero stress configurations we minimized the total energy by relaxing atomic positions and cell parameters. We then applied finite shear stresses in increments of 20 MPa until the dislocations moved. For each stress state, we performed 10 ps of NPT molecular-dynamics ͑MD͒ simulation followed by 25 ps of NVT MD simulation at 0.001 K. To check the size convergence of our calculation, we carried out simulations for two different cell sizes: a 9ϫ15 cell (Xϭ9a͓112͔, Y ϭ15a͓110͔, and Zϭ7a/2͓111͔) with 5670 atoms, and a 13ϫ21 cell (Xϭ13a͓112͔, Yϭ21a͓110͔, and Z ϭ7a/2͓111͔) with 11 466 atoms. Table II reports the ratio of the calculated Peierls stresses to the ͗111͘ shear stress G ͑see Table I͒. Important points here are ͑i͒ the Peierls stresses differ dramatically for qEAM2, qEAM3, and qEAM4, each of which leads to symmetric core structure and similar core energy. The main difference in these potentials is the corepolarization curvature. ͑ii͒ The qEAM1 and qEAM3 lead to completely different equilibrium core structures ͑asymmetric versus symmetric͒, but predict similar Peierls stresses. As pointed out before, they have similar values for corepolarization curvature. ͑iii͒ The ␥ surface from the qEAM1 agrees best with the ab initio results, but the qEAM1 leads to an asymmetric core and much different Peierls stresses than the ab initio calculations. ͑iv͒ Although the qEAM2 leads to a ␥ surface agreeing better with the ab initio results than the qEAM4, the qEAM4 predicts Peierls stresses much closer to the ab initio calculation.
The above results ͓͑i͒ and ͑ii͔͒ indicate that such equilibrium dislocation core properties as structure, polarization, and energy do not correlate with Peierls stress. Findings ͑iii͒ and ͑iv͒ suggest that the ␥ surface is not an important factor in modeling bcc screw dislocation behavior, which contrasts with other suggestions in the literature ͑for instance, Ref. 3͒.
Our studies indicate that it is the core-polarization curva- ture ⌸ that is responsible for the dramatic dependence of Peierls stress on various potentials. This is seen in Fig. 4 , which shows the twinning and antitwinning Peierls stresses as a function of ⌸ for the various qEAM FF's. In Fig. 4 , the empty triangles represent the results from different potentials. This correlation is plausible because we find that ͑i͒ the polarization of an asymmetric core decreases first before its translation, consistent with the microscopic picture proposed by Hirsch 19 and ͑ii͒ the polarization of a symmetric core increases before it moves, which has been observed previously in Ref. 20 .
Contrary to the belief that a symmetric core would not change its polarization during its motion, our simulations show a symmetric dislocation core under shear stress first extends in three ͗112͘ directions on ͕110͖ planes and transforms into the asymmetric ͑polarized͒ core before it moves. After translating one step, the polarized core transforms back toward the zero-polarized symmetric core. Thus, regardless of the core structure ͑symmetric or asymmetric͒ the Peierls stress required to move the dislocation depends on the average energy variation over a range of polarizations. We find ͑Fig. 4͒ that the Peirls stress changes monotonically with ⌸. Figure 4 shows that p twin varies more slowly with ⌸ than does p anti . Consequently p twin is less sensitive to differences in ⌸ than is p anti . This explains why various Peierls stress calculations for Ta ͑Refs. 8 and 10͒ agree in the twinning direction but disagree greatly in the antitwinning direction. This may also explain the observation in Ref. 10 of a good agreement for p twin of Mo from different calculations but the large divergence of p anti . To gauge the reliability of the correlation in Fig. 4 , we predicted the ab initio Peierls stresses using the curvature ⌸ϭ0.2806 derived from our QM polarization curve in Fig.  3 ϭ0.022 34G). Thus, we conclude that the dominant factor underlying the magnitude of the Peierls stress in bcc Ta is the corepolarization curvature ⌸. This dependence arises because a change in core polarization occurs as a dislocation ͑regard-less of core structure͒ migrates from one equilibrium site to the next. Two additional observations support the above conclusion.
͑i͒ The calculated Peierls stresses from the qEAM2 FF are significantly lower than previous calculations, 8, 10, 20 which are at least two or three times larger than the experimental data. The only significant difference among qEAM2 with the other potentials is just the dislocation corepolarization curvature.
͑ii͒ In addition to p twin and p anti , we also calculated the Peierls stress p ͕110͖ whose maximum resolved shear stress plane is in the ͕110͖ plane. Our results for p ͕110͖ , 0.0117G (qEAM1, ⌸ϭ0.171), 0.0022G (qEAM2, ⌸ϭ0.050), 0.0068G (qEAM3, ⌸ϭ0.127), and 0.0138G (qEAM4, ⌸ ϭ0.285), are consistent with the conclusion that Peierls stress correlates with ⌸.
This paper reports a direct relation between the dislocation core-polarization curvature and Peierls stress. It provides a new view of plastic deformation of bcc metals, suggesting a criterion for designing materials with improved plasticity. Our results suggest that a bcc material with a given set of elastic constants could be made more ductile by minimizing ⌸ and made into a higher flow stress material by maximizing ⌸.
